We predict nucleation of pancake shaped metallic nanoparticles having plasmonic frequencies in resonance with a non-absorbed circularly polarized electromagnetic field. We show that the same field can induce nucleation of randomly oriented needle shaped particles. The probabilities of these shapes are estimated vs. field frequency and strength, material parameters, and temperature. This constitutes a quantitative model of non-photochemical laser induced nucleation (NPLIN) consistent with the observed particle geometry. Our results open a venue to nucleation of nanoparticles of desirable shapes controlled by the field frequency and polarization.
I. INTRODUCTION
Accelerated nucleation in response to laser or dc electric fields has been observed in a number of systems.
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It is typically attributed to the field-induced polarization of the new phase particles that suppresses the nucleation barrier.
The corresponding theoretical work described mostly static field effects on nucleation. 4, [10] [11] [12] It was realized recently 13, 14 that non-absorbed ac electric fields can affect nucleation differently due to plasmonic excitations in metallic nuclei. Their resonance interaction with ac fields make nucleation barriers frequency dependent. For linearly polarized ac fields, that interaction leads to nucleation of strongly asymmetric needle shaped metal particles (prolate spheroids) with frequency dependent dimensions aligned to polarization. 13 The corresponding energy gain can be significant enough to change the phase equilibrium thus allowing particles that would not form in zero fields.
We emphasize that the above work implies nucleation (induced by dc or low frequency ac fields) when no significant light absorption is possible. Such nucleation is therefore due to the electric field effects not related to any photochemical transformations. Following seminal work 1 by Garetz et. al., these phenomena are often referred to as non-photochemical laser induced nucleation (NPLIN). It was found experimentally, but not understood theoretically, that shapes of the NPLIN nucleated particles depend on the light polarization: the polarization aligned needle shaped nuclei for the case of linear polarization, vs. pancake or randomly oriented needle shaped nuclei under a circularly polarized light.
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Here we consider nucleation of metallic nanoparticles in the field of a circularly polarized light. The electric vector executing a circle perpendicular to the path of propagation will induce circular electron polarization; hence, nuclei of circular cross-section become energetically favorable. Here, we show that such nuclei of pancake shape, illustrated in Fig. 1 , can have plasmonic res- onance amplifying their polarization and exponentially increasing nucleation rates.
On the other hand, as a superposition of two linearly polarized components, any circularly polarized light can trigger nucleation of the needle shaped particles characteristic of linearly polarized fields. Unlike that previously known case, such particles will be created with random orientations perpendicular to the path of propagation of a circularly polarized light. Therefore, nucleation of both the pancake and needle shaped nuclei must be considered for the case of circularly polarized light. This paper is organized as follows. In Sec. II we describe the general treatment of electric field effects on nucleation. Sec. III presents qualitative arguments explaining the results of this paper. The corresponding quantitative analysis is given in Sec. IV. Sec. V briefly describes a particularly interesting case of nucleation in the proximity of phase transitions. The numerical estimates are given in Sec. VI. Finally, Sec. VII contains general discussion and conclusions.
II. ELECTRIC FIELD EFFECT IN CLASSICAL NUCLEATION THEORY
Following the classical nucleation theory, 12,17,18 the system free energy is the sum of the bulk and surface contributions of the new phase particle, and an electric field dependent term, F E ,
Here, µ is the difference in chemical potential (per volume) due to nucleation, and σ is the surface tension, V and A are the particle volume and area. The case of µ < 0 corresponds to a metastable system in which nucleation is expected without external field; µ > 0 describes the case where metal particles are energetically unfavorable in zero field, yet, as shown below, they can appear in a sufficient electromagnetic field. F E represents the polarization energy gain due to an induced dipole, 4,10-12 p = αE in field E. For a particle of polarizability α in a dielectric host with permittivity ǫ, one can write,
The factor ǫ makes Eq. (2) different from the energy of a dipole in an external field. It reflects the contributions from all charges in the system, including those responsible for the field.
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We consider ac fields of frequency ω ≫ ω at , where ω at ∼ 10 13 s −1 is the characteristic frequency of atomic vibrations; hence, polarization of predominantly electronic origin. The corresponding energy, proportional to −p · E, will oscillate in time with frequency ω. According to the standard procedure of adiabatic (BornOppenheimer) approximation, its time average can be treated as a contribution to the potential energy of the atomic subsystem. Using the known recipe for time averages,
19 the latter becomes,
where E is now understood as the field amplitude and Re(α) represents the real part of the polarizability.
Here we limit ourselves to the case of normal light incidence. The field vector of circularly polarized light, is
where i and j are unit vectors along x and y axes respectively, and z axis is along the path of light propagation; k and ω are the wave number and frequency, and i = √ −1. Eq. (3) then yields,
where α x and α y = α x ≡ α are polarizabilities along x and y axes.
To introduce useful notations, we recall the case of a spherical metallic nucleus of radius R in a static field where α = R 3 , V = 4πR 3 /3, A = 4πR 2 . Assuming µ < 0, the nucleation barrier W and radius R are determined by the maximum of F in Eq. (1),
The corresponding zero-field quantities and the dimensionless field strength parameter ξ are,
Their ballpark values are W 0 ∼ 1 eV, R 0 ∼ 1 nm, and ξ ≪ 1 for a moderate field of E = 30 kV/cm and ǫ ∼ 3 − 10.
III. QUALITATIVE ANALYSIS
All results of this work can be obtained qualitatively. We start with noting the high static polarizability,
of pancake shaped particles, e.g., an oblate spheroid or a cylinder of height 2R and radius R ⊥ aligned to the field (Fig. 2) . Indeed, the field-induced charges, ±q, induced at the opposite poles are estimated from the balance of forces,
Another amplification factor contributing to the high dynamic polarizability of pancake shaped metal particles is due to its plasmonic excitations. The plasmonic resonance in such a particle can be qualitatively explained by considering dipole oscillations of electrons in its volume. Shifting the negative electron charges over small distance, x ≪ R ⊥ along R ⊥ , deposits charges ±q on the two halves of the spheroid where q ∼ R R ⊥ xN e, and N is the electron concentration. These charges exert forces ∼ qe/R 2 ⊥ on individual electrons on the opposite side. Interpreting the latter as the restoring forces mω 2 x yields the resonant frequency ω ∼ ω pl R /R ⊥ , where m is the electron mass and we have used the standard definition of the electron plasma frequency, ω pl = 4πN e 2 /m. The above resonance plasmonic frequency ω has been experimentally observed in light scattering.
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The maximum polarizability corresponds to the frequency of plasmonic resonance. Since the resonance amplitude is by the quality factor Q ≫ 1 greater than its static value, α stat from Eq. (8) must be multiplied by Q in order to obtain the maximum (resonance) polarizability. Since Q = ωτ where τ is the electron relaxation time, one gets the maximum dynamic polarizability
This coincides, to a numerical coefficient with the result of rigorous treatment in Eq. (17) The latter gigantic increase in polarizability takes us to the major prediction of this work: an ac field of frequency ω can drive the nucleation of pancake-shaped particles with resonant aspect ratio R ⊥ /R ∼ (ω p /ω) 2 ≫ 1. Taking into account the amplification ratio in Eq. (9), an approximate result for the ac resonant nucleation barrier can be guessed from the known static result, 4 or even from Eq. (6), with ξ → (ωτ )ξ ≫ 1, which yields,
To within the accuracy of a numerical multiplier, this coincides with the exact result in Eq. (21) below.
IV. FORMAL CONSIDERATION
Our rigorous analysis begins with the polarizability of a spheroid along its major axes,
Here, ǫ p is the dielectric permittivity of a metal particle, ǫ, assumed to be a real number, is that of the medium, and n j is the depolarizing factor of the spheroid in j-th direction (see Fig. 2 ). The frequency dependent dielectric permittivity of a metal is represented as,
where the relaxation time,
pl . For a strongly asymmetric oblate spheroid with semiaxes R ⊥ and R ≪ R ⊥ respectively perpendicular and parallel to the propagation path, and eccentricity, η = R ⊥ /R ≫ 1, the depolarizing factors are given by
The volume and area of that spheroid are given by,
Using Eqs. (11 -12) with Eq. (5) yields,
where b = 1/(ωτ ) 2 ≪ 1 and,
The polarizability, Re(α), has a sharp maximum when,
which reflects the presence of the plasmonic resonance. Given the sharpness of the resonance, all other ndependent quantities, in particular the spheroid volume and area, can be evaluated at n ⊥ = n ω . That yields the maximum (resonance) polarizability,
consistent with our earlier estimate in Eq. (9). Including the above electrostatic contribution given by Eqs. (5), (17) and normalizing the free energy in Eq. (1) with respect to the classical barrier W 0 , yields
Here ± corresponds to the cases when the original phase is metastable (+) and stable (−), and
Note that in the case of stable systems [+ sign in Eq. (18)], nucleation is impossible in zero field, however it becomes possible in a moderately high applied fields E > E ω ; see estimates in Sec. VI.
Optimizing free energy in Eq. (18) with respect to R ⊥ /R 0 yields the nucleation radius and barrier,
These equations are valid as long as the expression in square brackets remains positive, i. e. for metastable systems in arbitrary fields E or for stable systems in strong enough fields E > E ω .
For the case of field dominated nucleation, E ≫ E ω these expressions reduce to the following,
The latter nucleation barrier should be compared to that for needle shaped particles, 13 which, in the current notations, is given by
where
[We have taken into account that E c defined in Ref. 13 is by the factor 2/ǫ different from that in Eq. (19) .] We observe that the nucleation barrier of pancake shaped particles is lower than that of the needle shaped ones when
V. PLASMONIC MEDIATED NUCLEATION IN THE PROXIMITY OF A PHASE TRANSITION
Similar to the findings in Refs. 13,14 this theory applies most easily to a system close to a bulk phase transition. At temperature T close to T c , the chemical potential µ = µ 0 (1 − T /T c ); hence classical nucleation radius and barrier become,
and
, where R 00 , W 00 , and E c0 are obtained from their definitions in Eqs. (7) and (19) with µ = µ 0 . This allows macroscopically large R 0 , consistent with CNT; also, it corresponds to lower E c , making the plasmonic nucleation easier to observe.
Using the above scaling, the results for particle nucleation length and barrier turn out to be temperature independent: they retain their form of Eq. (21) with the trivial substitutions, R 0 → R 00 , W 0 → W 00 , E c → E c0 . This is in striking difference with the zero field classical nucleation theory, which predicts a diverging nucleation barrier W 0 ∝ (1 − T /T c ) −2 [cf. Eq. (7)]. The conclusion of temperature independent nucleation barrier remains valid for the case of static field induced nucleation. 22 The distinctive feature of temperature independent barrier can serve as an evidence of field induced nucleation that can take place even at relatively weak
VI. NUMERICAL ESTIMATES
To a large part, suitable numerical estimates here are the same as that of Ref. 13 dealing with needle shape particle nucleation. We recall that the Q-factor in Eq. (19) can be represented 23 as ω p τ = 160/( N a 3 B ρ) ∼ 10 3 , where a B is the Bohr radius, 1/ N a 3 B is in the range of 5-10, and the resistivity, ρ, (in units of µΩ cm) is smaller than unity.
In nanoparticles, surface scattering can decrease that product, [24] [25] [26] which is reflected in the available data 20 showing that plasmonic line widths can be comparable to their resonance frequencies. In fact, the available data presented in Ref. 27 show that in a broad range of nanoparticle sizes, ωτ ∼ 3 where omega stands for the resonance (plasmonic) frequency.
To estimate E c in Eq. (21), consider R 0 ∼ 3 nm, W 0 ∼ 2 eV, and ǫ = 16 typical of e. g. conductive (crystalline) nuclei in the prototype phase change material Ge 2 Sb 2 Te 5 (see Refs. 4,28 and references therein) and other metal nuclei, 12, 29 which yields E c ∼ 10 6 V/cm. The other multipliers in Eq. (19) make E ω much lower, say E ω ∼ 30 kV/cm, corresponding to laser power density P ∼ 10 mW/µm 2 , an order of magnitude below that used with DVD burners. Assuming lower ǫ ∼ 3 − 5 for nucleation in a liquid or a glass will increase P by a factor of 16/ǫ keeping it rather low.
Finally, assuming ωτ ∼ 3 , Eq. (21) predicts the field dominated pancake nucleation barrier W lower than that of classical spherical nuclei W 0 when E > 0.1E c ∼ 10 5 V/cm, achievable with moderate power lasers. All the above estimates become more favorable to plasmonic mediated nucleation in a proximity of phase transition. The case of VaO 2 can provide a relevant example 22 with its low T c and 1 − T /T c ≈ 0.2 at room temperature.
Corresponding to the above E c , ωτ ∼ 1, and reasonable E < ∼ 0.1E c yields the long semi-axis estimate R ⊥ ∼ 10 − 100 nm, well above the quantum range of very small particle sizes ( < ∼ 1 nm). We conclude that there exists a range of laser frequencies an powers, in which pancake shaped particles nucleate easier than both the needle-shaped and spherical particles. The characteristic pancake radii R ⊥ are expected to be greater than ∼ 10 nm. The most restrictive condition of their dominance is that the frequency of a circularly polarized light is by a numerical factor lower than the plasma frequency; the region of yet lower frequencies will favor nucleation of randomly oriented needle shaped particles perpendicular to the light propagation path.
We would like to mention here the earlier work 14 predicting pancake shapes for nucleation of voids in metal skin layers. While the approach and final results for nucleation rates in Ref. 14 remain valid, the accompanying figure (Fig. 2 in Ref. 14) does not match them. The discrepancy is that that figure presents the case of linear polarization parallel to the spheroid long axis, contrary to the accompanying calculations assuming the short axis polarization. Hence, the calculated rate 14 describes the nucleation of oblate spheroidal voids perpendicular to the metal surface under the light of normal incidence. Alternatively, it can describe the nucleation of oblate spheroidal voids parallel to the metal surface due to a linearly TM-polarized light of graze incidence provided that no surface plasmon polariton modes are excited.
VII. DISCUSSION AND CONCLUSIONS
Nucleation of needle shaped nanoparticles with aspect ratio frequency governed by linearly polarized light was observed in Ref. 30 The case of circular polarization was studied in Refs. 15,16 where disk (or pancake) shaped particles were observed in NPLIN experiments.
However, the final products of the latter observations were dielectric (rather than here considered metallic) nanoparticles; hence, no direct comparison with the present theory is possible. It was argued 5 that the observed dielectric particles in NPLIN experiments result from subsequent structural transformations of the originally metal nuclei. Assuming the latter secondary process, our theory provides an explanation of why circularly polarized light creates pancake shaped particles that are not observed with the linear polarization. In support, we would like to mention that the mechanism of precursor metal particle nucleation remains so far the only one that explains the observed extremely high NPLIN rates;
5 the underlying physics is that metal particle polarization is by several orders of magnitude higher than that of dielectric ones.
It follows then that direct verification of here presented theory would be possible if both the linear and circular laser beam polarizations were used in the experiments 6, 30 that earlier discovered the frequency dependent effect of linearly polarized laser beams on metal particle nucleation.
In conclusion, we predicted a phenomenon of plasmonic mediated nucleation of pancake shaped metallic nanoparticles under non-absorbed circularly polarized light. They can dominate nucleation at frequencies not too low compared to the plasmon frequency. At low enough frequencies, the circularly polarized light is predicted to induce nucleation of randomly oriented (in the polarization plane) needle shaped metal nanoparticles. These predictions open a venue to nucleation of nanoparticles of desirable shapes controlled by the frequency and polarization of a non-absorbed light.
